Abstract: Spatial distribution and dynamics of intertidal habitats are integral elements of the Wadden Sea ecosystem, essential for the preservation of ecosystem functions and interlocked with geomorphological processes. Protection and monitoring of the Wadden Sea is mandatory and remote sensing is required to survey the extensive, often inaccessible tidal area. Mainly airborne techniques are carried out for decades. High-resolution satellite-borne sensors now enable new possibilities with satellite synthetic aperture radar (SAR) offering high availability of acquisitions during low water time due to independence from daylight and cloud cover. More than 100 TerraSAR-X images from 2009 to 2016 were used to examine the reproduction of intertidal habitats and macrostructures from the flats south of the island of Norderney and comparative areas in the Lower Saxony Wadden Sea. As a non-specific, generic approach to distinguish various and variable surface types continuously influenced by tidal dynamics, visual analysis was chosen which was supported by extensive in situ data. This technically unsophisticated access enabled us to identify mussel beds, fields of shell-detritus, gully structures, mud fields, and bedforms, the latter detected in the upper flats of every East Frisian island. Based on the high frequency of TerraSAR-X recordings for the Norderney area, a bedform shift was observed in a time-series from 2009 to 2015. For the same period, the development of a mud field with an adjoining depression was traced. Beside seasonal variations of the mud field, the formation of a mussel bed settling in the depression was imaged over the years. This study exemplifies the relevance of TerraSAR-X imagery for Wadden Sea remote sensing. Further development of classification methods for current SAR data together with open access availability should contribute to large-scale surveys of intertidal surface structures of geomorphic or biogenic origin and improve monitoring and long-term ecological research in the Wadden Sea and related tidal areas.
Introduction
Tidal flat areas off shallow coasts can be found worldwide. The world's largest coherent intertidal area, the Wadden Sea, is stretching for over 500 km along the North Sea coast of The Netherlands, Germany, and Denmark with a width of up to 20 km. The system of barrier islands, intertidal flats and sandbanks, channels, gullies, and salt marshes forms the transition between the mainland and
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Study Site in the Tidal Flats of Norderney (German Wadden Sea)
The study was carried out in the East Frisian Wadden Sea, which forms the western part of the German North Sea coast between the river Ems and the Weser estuary. Towards the open North Sea, the Wadden Sea is bordered by a chain of barrier islands ( Figure 1a ). The tidal flats between the island of Norderney and the mainland coast were selected as the main study area. For comparative purposes, surface structures from other parts of the East Frisian Wadden Sea are also included (Figure 1b) .
The back-barrier tidal basin of Norderney covers the geomorphic structures and habitats which are frequent and characteristic for Wadden Sea flats: mussel beds, fields of shell detritus, seagrass beds, low lying areas collecting residual waters, a drainage system of channels and gullies and the tidal flats varying in sediment composition from the more sheltered muddy regions near the mainland coast and the watershed to the more exposed sandflats close to the Norderney inlet which connects the tidal basin with the open sea. The different sediment types on the tidal flats and in the subtidal significantly influence the environmental conditions for the organisms living in or on the bottom of the Wadden Sea thus forming habitats with typical species communities. With a mean tidal range of 2.4 m ± 0.7 m [25] , the back-barrier tidal basin of Norderney is classified as upper mesotidal according to Ref. [26] .
Remote Sens. 2018, 10, x FOR PEER REVIEW 3 of 24 acquisition are carried out throughout the period of the investigations to validate the image interpretation results. An initial basis of the terrain knowledge was laid during the comprehensive mapping of the main study area as part of the DeMarine-1 project. TerraSAR-X spotlights and high resolution spotlights proved most suitable to investigate typical intertidal surface structures and habitats such as mussel beds, shell-detritus, gully systems, mud fields, and bedforms which are clearly reproduced and can be drawn from the intensity images by visual analysis. Regarding intertidal bedforms, visual image analysis raised the assumption of bedform movement, therefore the positions of bedform structures in the upper flats of Norderney were further analyzed using the extensive time series of satellite images available for this study. For this purpose, the water-covered bedform troughs were extracted from the TerraSAR-X images using an automated method developed by Ref. [19] .
The studies presented here were part of the German research project WIMO (Scientific monitoring concepts for the German Bight) with subproject TP 1.4 (Application of high resolution SAR-data (TerraSar-X) for monitoring of eulittoral surface structures and habitats). In addition, data from the DeMarine-1 and DeMarine-2 projects with the subprojects TP4 (Integration of Optical and SAR Earth Observation Data and in situ Data into Wadden Sea Monitoring) and SAMOWatt (Satellite data for Monitoring in the Wadden Sea) have been included in the investigations.
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Study Site in the Tidal Flats of Norderney (German Wadden Sea)
The study was carried out in the East Frisian Wadden Sea, which forms the western part of the German North Sea coast between the river Ems and the Weser estuary. Towards the open North Sea, the Wadden Sea is bordered by a chain of barrier islands ( Figure 1a ). The tidal flats between the island of Norderney and the mainland coast were selected as the main study area. For comparative purposes, surface structures from other parts of the East Frisian Wadden Sea are also included ( Figure  1b) .
The back-barrier tidal basin of Norderney covers the geomorphic structures and habitats which are frequent and characteristic for Wadden Sea flats: mussel beds, fields of shell detritus, seagrass beds, low lying areas collecting residual waters, a drainage system of channels and gullies and the tidal flats varying in sediment composition from the more sheltered muddy regions near the mainland coast and the watershed to the more exposed sandflats close to the Norderney inlet which connects the tidal basin with the open sea. The different sediment types on the tidal flats and in the subtidal significantly influence the environmental conditions for the organisms living in or on the bottom of the Wadden Sea thus forming habitats with typical species communities. With a mean tidal range of 2.4 m ± 0.7 m [25] , the back-barrier tidal basin of Norderney is classified as upper mesotidal according to Ref. [26] . 
TerraSAR-X Data Base
SAR data were acquired by the high-frequency (9.6 GHz) X-band sensor of TerraSAR-X with a wavelength of 3.1 cm, operating at 514 km altitude. The data were collected in Spotlight (SL) and High Resolution Spotlight (HRS) mode, which provide ground range resolutions of 1.5-3.5 m [27] , few images were taken in stripmap mode with a resolution of 3 m. Since the SAR data should be combined with extensive in situ data and to perform spatio-temporal analyses, Geocoded Ellipsoid Corrected images (GEC) were chosen which can be easily imported into geographic information systems (GIS). To allow acquisition times close to the time of low tide on the one hand, and to obtain a sufficient amount of data on the other hand, SAR data had to be collected at varying orbits and incidence angles. This enabled us to acquire extensive and detailed time series, as well as recordings before and after events such as storm and storm tide or ice drift. From the resulting set of more than 100 TerraSAR-X images available for the years 2009 to 2016, the SAR data documented in this study are listed in Table 1 . These images were acquired within the time period 1.5 h before and after low tide and apart from the stripmap image recorded in HH-polarization, the data were taken vertically co-polarized (VV). 
Image Analysis
The TerraSAR-X data were calibrated to "sigma naught" (σ0), the radar reflectivity per unit area in ground range using ERDAS Imagine (version 2013-2016) , to correct for geometry of acquisition cf. [28] . For image interpretation and analysis the intensity images were directly imported into the geographic information system (GIS) of ESRI ArcGIS 10.1 where the data was repetitively verified with geospatial in situ data or compared to monitoring results.
According to initial tests, statistical analysis of backscatter differences such as height, mean value, amplitude, or variance seemed not sufficient for the clear demarcation of most intertidal surfaces. Therefore, in this study the images are analyzed via visual interpretation integrating i.a. the patterns of internal structures or textures characterizing the surface structures reflected by TerraSAR-X data as well as contextual data including extensive in situ data or weather and gauge level data (cf. Introduction).
Visual Image Analysis
The radar backscatter recorded by the SAR sensor can be considered as a measure of the surface roughness, with smoother surfaces rendered dark in the resulting image and rougher surfaces appearing brighter. Characteristic surface properties of the various structures and habitats in the tidal area therefore lead to corresponding patterns and textures in the radar image. A major difference is seen between water-covered areas and exposed areas such as sediment surfaces and biogenic structures. Although the water surface appears highly variable due to currents, wind, and waves-sometimes in interaction with surface active agents such as biofilms-it can be clearly distinguished from the emerged tidal flats, especially if the edges are markedly distinct. Even from gradual transitions, which are also common in tidal areas, visual references to the surface morphology can be obtained. On the flats, residual water trapped in hollow surface structures helps to detect or identify geomorphic surface characteristics from TerraSAR-X images, such as depressed areas, bedforms, or draining systems. Residual water also contributes to the identification of typical large-scale structures and habitats with specific roughness properties such as mussel beds, fields of shell detritus or mud fields. Associated puddles caught in the humpy sediment surface of a mud field or pools within mussel beds are characteristic features reflected by specific patterns of backscatter in the SAR image.
Digital Image Analysis
Visual image analysis raised the assumption of bedform movement in the upper flats of the island of Norderney, therefore a spatio-temporal analysis of bedform positions was performed using the extensive time series of satellite images collected during this study. To extract relevant markers from the SAR data, bedform positions were determined by detection of the water-covered troughs according to the method proposed by Ref. [19] which is based on textural analysis combined with an unsupervised classification: For comparison with the complete set of TerraSAR-X data, the images were re-sampled at their highest common resolution, a pixel size of 1.25 m. Speckle reduction was performed by edge-preserving Frost and Median filtering and followed by a textural analysis calculating Gray Level Co-occurrence Matrix (GLCM) statistical parameters (variance, homogeneity, and mean) according to Ref. [29] . From the resulting feature images, the water-covered troughs were derived by means of unsupervised ISODATA classification. Image processing was carried out using ERDAS imagine (2013) (2014) (2015) and ENVI 4.7 software. The classification output was vectorized and imported into ESRI ArcGIS 10.1 for further analysis. The correct assignment of classes was verified by regularly collected in situ data combined with visual interpretation of the SAR images.
Ground Truth, Monitoring and Environmental Data
Visual image interpretation was performed in conjunction with extensive ground truth data. The background of the terrain knowledge comes from a survey carried out as part of the DeMarine-1 project in 2008/2009 [10, 30] . In this context, the tidal areas of Norderney were surveyed according to a comprehensive protocol and photographically documented in a 300 × 300 m grid of stations. In 2014, sections of the grid were revisited for comparison with the 2008/2009 situation. During the current research on the WIMO project, all of the structures described below have been extensively validated by GPS measurements and photo documentation, in part simultaneously with SAR acquisition (cf. Figure 2 ). Garmin's GPSmap 62s was used for the GPS measurements, the photos were taken with cameras with GPS functionality. Additionally, the bedforms in the upper flats of Norderney were validated by high-precision height measurements recorded by Real Time Kinematic Differential GPS (RTK-DGPS) with a Leica Differential-GPS SR530 and AT 502 antenna type, see [19, 20] . Furthermore, 
Results
Many characteristic habitats and large-scale surface structures of the tidal flats are clearly reproduced by the TerraSAR-X data. They can be visually identified and analyzed from highresolution (HRS), spotlight (SL), and, depending on the size of the structure, even in stripmap (SM) images. Figure 3 gives an overview of the main study area, the tidal flats south of the island of Norderney, reproduced by TerraSAR-X. The added in situ photographs illustrate some of the macrostructures imaged by the SAR sensor. Some of them, such as mussel beds or fields of shell detritus, are usually displayed very clearly due to their outstanding surface roughness and specific textures. Edges also, in particular the steeper slopes of channels and gullies or the steeply sloping edges of high sandflats, are clearly shown depending on their orientation relative to the sensor.
Other intertidal structures, however, are specifically reproduced due to the contrasting water and sediment surfaces. Most obvious, water level lines delineate the sub-littoral from the tidal area at low tide or flooded areas from exposed flats in the course of the tides. But also residual water caught in troughs and depressions helps to recognize the relief of tidal flat surfaces indicating structures such as intertidal bedforms, depressed areas, or mud fields. 
Many characteristic habitats and large-scale surface structures of the tidal flats are clearly reproduced by the TerraSAR-X data. They can be visually identified and analyzed from high-resolution (HRS), spotlight (SL), and, depending on the size of the structure, even in stripmap (SM) images. Figure 3 gives an overview of the main study area, the tidal flats south of the island of Norderney, reproduced by TerraSAR-X. The added in situ photographs illustrate some of the macrostructures imaged by the SAR sensor. Some of them, such as mussel beds or fields of shell detritus, are usually displayed very clearly due to their outstanding surface roughness and specific textures. Edges also, in particular the steeper slopes of channels and gullies or the steeply sloping edges of high sandflats, are clearly shown depending on their orientation relative to the sensor.
Tidal Channels and Gullies
Twice a day, in the course of the tides, the tidal flats are flooded and drained through the system of tideways, such as channels and gullies. Depending on their position in this system these tideways are exposed to high flow velocities, which especially in sandy environments, causes regular shifts of the edges and leads to highly dynamic channel courses. These tideways can be identified from TerraSAR-X imagery ( Figure 4 ) and over time, also the shifting of their courses or their positional stability. Furthermore, characteristic shapes formed by the branches may provide information about the surrounding sediment.
Channels and gullies are mapped in the TerraSAR-X data depending on their width, the shape of the edges and the surface of the water they contain. In case of water-filled channels, the waterline will mark the edge, whereas for smaller and dry-fallen gullies especially the steep edges eaten into the sediment will be reproduced. The intertidal area shown in Figure 4a exposed to the direct influence of the inlet between the islands of Norderney and Juist open to the North Sea exemplifies morphological development in dynamic tidal areas. TerraSAR-X data from 2009-2012 enables one to observe the shifting of the channel section during that period. Over the entire time, the channel has been relocated by a maximum of over 100 m locally (Figure 4c ). The branching arms, by contrast, have remained largely stable. Part of the channel, north of the first branch in the upper part of the image section, is stabilized by an adjoining mussel bed (indicated by internal structures and high backscatter).
By means of visual analysis, the channels are clearly visible in the TerraSAR-X data (Figure 4b ,c). However, Figure 4b also illustrates how automatic channel detection may be difficult due to the varying representation of the water surface and to internal patterns e.g., depending on the presence of surface-active agents, weather, or flow conditions at the time of acquisition. 
Intertidal Bedforms
Intertidal Bedforms in the Upper Island Flats of the East Frisian Islands
In large areas of the upper back-barrier tidal flats of the East Frisian islands, the sediment surface forms a pattern of periodic crests and troughs thus creating bedform fields of considerable size. The troughs are covered with water throughout the whole time of emergence, therefore the bedforms are clearly reproduced by TerraSAR-X imagery and they can be detected in the whole set of images (acquired from 2009 to 2016) and in the upper island flat of each of the East Frisian islands. In Figure  5 , an overview of the bedform fields of the East Frisian islands is given, it shows the bedforms directly adjoining the southern island's shores are generally oriented in a north-easterly direction, but especially in the lower flats also cross-profiles can appear. The dimensions and the exact orientations may vary from island to island.
In the study area at Norderney the bedform positions and their dynamics were examined in detail. The photograph (Figure 6a ) gives an impression of their appearance in the field. The bedforms imaged by TerraSAR-X and the vectorized classification result for the water-covered troughs are given in Figure 6b ,c. 
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The results of the survey are described in detail by Ref. [19] , who demonstrate that visual trough detection as well as results from unsupervised ISODATA classification of textural parameters from TerraSAR-X data are in good accordance with the in situ measurements of the bedforms. Spatio-temporal GIS-analysis of trough positions extracted from a time-series of TerraSAR-X images then revealed a shifting of the bedforms in an easterly direction during the study period from 2009-2015. This general bedform shift is demonstrated for the years 2012-2015 in Figure 7 . The western trough edges are highlighted because in situ measurements as well as TerraSAR-X data reproducing variable states of water-cover indicate an asymmetry of the bedforms leading to steeper western trough edges and smoother eastern edges. Therefore the waterlines of the western edges proved to be a better indicator for the trough positions even with a slightly varying amount of residual water on the exposed flats due to environmental conditions or tidal state. This general bedform shift is demonstrated for the years 2012-2015 in Figure 7 . The western trough edges are highlighted because in situ measurements as well as TerraSAR-X data reproducing variable states of water-cover indicate an asymmetry of the bedforms leading to steeper western trough edges and smoother eastern edges. Therefore the waterlines of the western edges proved to be a better indicator for the trough positions even with a slightly varying amount of residual water on the exposed flats due to environmental conditions or tidal state. The high frequency of TerraSAR-X data acquisition also enabled us to study the bedform positions in the course of the year and in connection with the effects of storm events. Adolph et al. [19] showed that the trough positions extracted from TerraSAR-X data generally remained stable from late winter to late summer and a shift to the east regularly occurred during winter. The change from the summer to the winter situation in 2013 provides a good insight into the shifting forces. In that year, the troughs kept their positions in every TerraSAR-X acquisition from February to August. However, the TerraSAR-X data from mid-December show a clear bedform shift which is most likely the effect of two very heavy gales in late October and early December with maximum wind speeds exceeding 130 and 120 km/h, respectively [19] .
Temporary Surface Structures
Observing the tidal areas by means of TerraSAR-X data, different types of linear structures of the sediment surface were identified. So far, no further investigation of any of these structures has been carried out but similar characteristics were found in TerraSAR-X images of tidal areas throughout the East Frisian Wadden Sea, and also in transition from the tidal to the subtidal areas. In this way, TerraSAR-X imagery opens up new insights into large-scale tidal flat morphology and provides an opportunity to examine its genesis, development, and the significance for the tidal areas. The high frequency of TerraSAR-X data acquisition also enabled us to study the bedform positions in the course of the year and in connection with the effects of storm events. Adolph et al. [19] showed that the trough positions extracted from TerraSAR-X data generally remained stable from late winter to late summer and a shift to the east regularly occurred during winter. The change from the summer to the winter situation in 2013 provides a good insight into the shifting forces. In that year, the troughs kept their positions in every TerraSAR-X acquisition from February to August. However, the TerraSAR-X data from mid-December show a clear bedform shift which is most likely the effect of two very heavy gales in late October and early December with maximum wind speeds exceeding 130 and 120 km/h, respectively [19] .
Observing the tidal areas by means of TerraSAR-X data, different types of linear structures of the sediment surface were identified. So far, no further investigation of any of these structures has been carried out but similar characteristics were found in TerraSAR-X images of tidal areas throughout the East Frisian Wadden Sea, and also in transition from the tidal to the subtidal areas. In this way, TerraSAR-X imagery opens up new insights into large-scale tidal flat morphology and provides an opportunity to examine its genesis, development, and the significance for the tidal areas.
Southeast of the island of Wangerooge, as an example, in the near-shore area close to the mainland, linear surface structures were detected on a TerraSAR-X image from 2012 and verified in situ. A field of common cockle (Cerastoderma edule) apparently stabilized the linear structures and made them both more durable and more conspicuous in the TerraSAR-X data. Additionally, the elevated ridges of the sediment and cockle surface were covered by green algae, which contributed to the clear picture ( Figure 8 ). In situ observations in 2016 have shown that in the meantime, the cockle field had been occupied by blue mussels (Mytilus edulis) and turned into a patchy mussel bed. 
Mud Field
The large mud field close to the watershed of the tidal flats beneath the island of Norderney extends over ca. 1.8 km along the Riffgat channel (see Figure 9 ) with a width of 300-400 m. On the wavy to humpy sediment surface, water puddles formed between the muddy humps resulting in a characteristic pattern (see Figure 9e ), leading to a relatively high backscatter in the TerraSAR-X data. In addition, the mud field is traversed by a dense network of highly branched gully structures which drain the water from the adjacent depression in the south of the mud field to the channel in the north. These properties lead to a specific reproduction of the mud field in the TerraSAR-X images characterized by a high backscatter and the recognizable texture of the many gully structures (see Figure 9b ). The contrast with the Riffgat channel and the water covering the area of the depression also facilitate to determine the contours of this mud field. In situ the southern edge of the mud field is clearly marked by the finely branched gullies originating from the water-covered depression. Here, the surface of the muddy deposits stands out from the more solid, smoother sediment surface of the depressed area (see Figure 9c, 
Seasonal Aspects
In situ studies show variations in the surface form of the mud field. Extent and height of the muddy humps vary as well as their shape, which can be smooth and wavy or in contrast have steep erosive edges. These variations may occur locally, e.g., the silt surface always tends to be smoother on the edge of the mud field towards the depression. Overall, however, the field surveys showed that the mud field surface was more pronounced during the calmer season of the year (usually the summer) than after the stormy time of winter. When GPS-measuring the mud field's edge in summer 2011 (27/07/2011), the mud deposits clearly stood out from the depressed area covered with water. Thus, the boundary of the mud field was obvious and also well defined by the waterline (see Figure  9b ,c). In the following January (17/01/2012), after two storms had passed through in the first days of the month (03-06/01/2012), a much more gradual transition was observed from the depression to the mud field. While the gully deltas where still in place, the smooth, slightly wavy surface of the silt accumulation began to emerge only gradually from the lower area, just beyond the ends of the gully deltas.
In fact, regarding the mud field over several years (2011) (2012) (2013) (2014) (2015) in the TerraSAR-X data, seasonal changes are observed. During summer, the mud field surface is displayed in full width with high backscatter, in winter, however, the area of high backscattering retreats towards the Riffgat channel. The internal gully structures, on the other hand, remain visible throughout the year, across the entire width from channel to depression. This can be seen in Figure 10a 
In situ studies show variations in the surface form of the mud field. Extent and height of the muddy humps vary as well as their shape, which can be smooth and wavy or in contrast have steep erosive edges. These variations may occur locally, e.g., the silt surface always tends to be smoother on the edge of the mud field towards the depression. Overall, however, the field surveys showed that the mud field surface was more pronounced during the calmer season of the year (usually the summer) than after the stormy time of winter. When GPS-measuring the mud field's edge in summer 2011 (27/07/2011), the mud deposits clearly stood out from the depressed area covered with water. Thus, the boundary of the mud field was obvious and also well defined by the waterline (see Figure 9b,c) . In the following January (17/01/2012), after two storms had passed through in the first days of the month (03-06/01/2012), a much more gradual transition was observed from the depression to the mud field. While the gully deltas where still in place, the smooth, slightly wavy surface of the silt accumulation began to emerge only gradually from the lower area, just beyond the ends of the gully deltas.
In fact, regarding the mud field over several years (2011) (2012) (2013) (2014) (2015) in the TerraSAR-X data, seasonal changes are observed. During summer, the mud field surface is displayed in full width with high backscatter, in winter, however, the area of high backscattering retreats towards the Riffgat channel. The internal gully structures, on the other hand, remain visible throughout the year, across the entire width from channel to depression. This can be seen in Figure 10a The formation of similar mud fields between tidal channels or expanded gully deltas and lowlying, often water-covered flat areas (depressions) with a network of gullies connecting both across the mud field, can also be seen in SAR images covering the tidal areas of other East Frisian islands.
Mussel Beds
Intertidal settlements of blue mussels (M. edulis) associated with Pacific oysters (Crassostrea gigas) form solid structures sticking out above the sediment surface. These biogenic structures are characterized by a high surface roughness caused by the mussels and by the larger Pacific oysters often growing upright. They are reflected with high backscatter in the SAR images and the varying forms of appearance in which mussel beds occur in situ are also reproduced by the TerraSAR-X data: Young beds that have settled during an actual spat fall are relatively homogeneously occupied by mussels or by homogeneously distributed smaller patches. Over the years, a typical structure of mature beds develops, in which more or less elevated areas covered by mussels form an irregular pattern with open interspaces. This is reflected in the TerraSAR-X data accordingly, with young beds showing homogenous backscatter, while old mussel beds have characteristic internal structures (Figure 11a) . In most cases the mussel beds reflected by TerraSAR-X are in good agreement with field observations or with the monitoring results currently obtained from aerial photographs. This is exemplified in Figure 11b , where the yellow line represents the monitoring result from the year of the TerraSAR-X acquisition. The formation of similar mud fields between tidal channels or expanded gully deltas and low-lying, often water-covered flat areas (depressions) with a network of gullies connecting both across the mud field, can also be seen in SAR images covering the tidal areas of other East Frisian islands.
Intertidal settlements of blue mussels (M. edulis) associated with Pacific oysters (Crassostrea gigas) form solid structures sticking out above the sediment surface. These biogenic structures are characterized by a high surface roughness caused by the mussels and by the larger Pacific oysters often growing upright. They are reflected with high backscatter in the SAR images and the varying forms of appearance in which mussel beds occur in situ are also reproduced by the TerraSAR-X data: Young beds that have settled during an actual spat fall are relatively homogeneously occupied by mussels or by homogeneously distributed smaller patches. Over the years, a typical structure of mature beds develops, in which more or less elevated areas covered by mussels form an irregular pattern with open interspaces. This is reflected in the TerraSAR-X data accordingly, with young beds showing homogenous backscatter, while old mussel beds have characteristic internal structures (Figure 11a) . In most cases the mussel beds reflected by TerraSAR-X are in good agreement with field observations or with the monitoring results currently obtained from aerial photographs. This is exemplified in Figure 11b , where the yellow line represents the monitoring result from the year of the TerraSAR-X acquisition. 
Tidal Flat Dynamics Imaged by TerraSAR-X
The tidal area close to the watershed of the Norderney basin between the eastern Riffgat channel and the mainland coast may serve as an example to demonstrate both the stability and the variability of tidal areas and their reproduction in the TerraSAR-X data. Sand masons build tubes protruding up to a few centimeters above the sediment surface which leads to an increased roughness, particularly when they break through the surface of shallow water covering the flats (Figure 12a , Region 4, see also photography in Figure 12a ). Just like the shell detritus of cockles (cf. chap. 3.2), sand masons can serve as a substrate for the settlement of blue mussels. In 2011, the first mussel settlement in this location was reproduced in the TerraSAR-X image ( Figure  12b, Region 4) , and in the data from 2014, the mussel bed with its internal structures is already well recognizable as such (Figure 12c , Region 4, photography in Figure 12c ). The typical pattern of an established mussel bed can be seen here in 2015 (Figure 12b-d In effect, the area of the extensive depression clearly discernible in 2008-2011, has narrowed until 2015. It has been taken up, in particular, by scattered mussel settlements but also by accumulations of muddy sediment, partly forming temporary linear structures (Figure 12c ,d, Region 2) which are visible at the mud field's edge in 2014 and throughout the area of the formerly water covered depression. These may be due to the unusually turbulent summer season of that year [32, 33] .
South of the mussel bed in Region 3, higher backscatter is visible especially in the 2014 acquisitions (Figure 12c) . From the field surveys it is known that, in this area, fields of seagrass patches occur. Seagrass itself was not detected in the TerraSAR-X data according to this study, as it lies flat on the sediment at low tide and is characterized mainly by its spectral features. In some cases, Most obvious in the SAR data, however, is the development of mussel beds in the low lying area south of the mud field ( Figure 12 , Region 2-4): in the field surveys of 2008/2009, this area proved to be a depression with open sediment surface, often water-covered, and in wide areas densely populated by common cockles (C. edule) and the polychaete worm sand mason (Lanice conchilega). Sand masons build tubes protruding up to a few centimeters above the sediment surface which leads to an increased roughness, particularly when they break through the surface of shallow water covering the flats (Figure 12a , Region 4, see also photography in Figure 12a ). Just like the shell detritus of cockles (cf. chap. 3.2), sand masons can serve as a substrate for the settlement of blue mussels. In 2011, the first mussel settlement in this location was reproduced in the TerraSAR-X image (Figure 12b, Region 4) , and in the data from 2014, the mussel bed with its internal structures is already well recognizable as such (Figure 12c , Region 4, photography in Figure 12c ). The typical pattern of an established mussel bed can be seen here in 2015 (Figure 12b-d) . Southwest of the mud field however, a mussel bed with open structures developed from 2009 to 2011, which in the following years recedes and confines to a few central bed structures in 2014/2015 (Figure 12, Region 3) .
In effect, the area of the extensive depression clearly discernible in 2008-2011, has narrowed until 2015. It has been taken up, in particular, by scattered mussel settlements but also by accumulations of muddy sediment, partly forming temporary linear structures (Figure 12c,d , Region 2) which are visible at the mud field's edge in 2014 and throughout the area of the formerly water covered depression. These may be due to the unusually turbulent summer season of that year [32, 33] .
South of the mussel bed in Region 3, higher backscatter is visible especially in the 2014 acquisitions (Figure 12c) . From the field surveys it is known that, in this area, fields of seagrass patches occur.
Seagrass itself was not detected in the TerraSAR-X data according to this study, as it lies flat on the sediment at low tide and is characterized mainly by its spectral features. In some cases, though, the seagrass vegetation leads to the formation of elevated surface structures, which are reflected in the SAR data.
reflected in the SAR data.
In
to the disturbance of the smooth water surface, to scattered young mussel settlements and oyster scree scattered by winter storms, or to the surface structures sometimes generated by seagrasses.
For monitoring, often it is sufficient to carry out a correct identification of a structure in situ once, to determine its characteristics and boundaries. Further development can then be monitored via TerraSAR-X data. 
Discussion
The results of the present study show the great potential of satellite SAR data to contribute to the monitoring of the tidal Wadden Sea area. Visual image interpretation of TerraSAR-X data combined with extensive in situ data enable the detection and observation of various large-scale surface structures and characteristic habitats. This is to be emphasized as the smooth and dynamic relief of the Wadden Sea, influenced by variable water levels and weather conditions, places great demands on classification methods in general. In summary, certain habitats and structures such as the mud field, mussel bed, or the water-covered depression are clearly recognizable in the TerraSAR-X data due to typical characteristics and patterns. Intermediate states of developments or vague surface structures, on the other hand, can only be identified through field observations or context knowledge. This applies, for example, to the extensive fields of sand mason, which can be recognized at the appropriate level of residual water due to the disturbance of the smooth water surface, to scattered young mussel settlements and oyster scree scattered by winter storms, or to the surface structures sometimes generated by seagrasses.
For monitoring, often it is sufficient to carry out a correct identification of a structure in situ once, to determine its characteristics and boundaries. Further development can then be monitored via TerraSAR-X data.
The results of the present study show the great potential of satellite SAR data to contribute to the monitoring of the tidal Wadden Sea area. Visual image interpretation of TerraSAR-X data combined with extensive in situ data enable the detection and observation of various large-scale surface structures and characteristic habitats. This is to be emphasized as the smooth and dynamic relief of the Wadden Sea, influenced by variable water levels and weather conditions, places great demands on classification methods in general.
Geometry of Acquisition
In general, using different geometries of acquisition, different angles of incidence, and ascending and descending orbit directions, we found that the reproduction of surface structures indicated or amplified by the contrast of sediment and water surfaces is relatively insensitive to geometry of acquisition when making use of visual image interpretation. The same holds for habitats with an extensive three-dimensional surface roughness, such as mussel beds, mud fields, and fields of shell detritus which can be visually identified by their specific patterns and textures under the differing geometries we used.
However, we found some variations in the characteristics of the TerraSAR-X images are due to varying incidence angles of the geometry of acquisition. In near range, that is at small incidence angles <24 • (relative orbits 131, 139), the images show sharp contrasts and widespread high backscatter. Therefore, strongly scattering structures are not well demarcated from each other: Mussel beds, humpy mud fields with a dense network of gullies, sediment surfaces roughened by sandworm (Arenicola marina) heaps, and steep sandy slopes (depending on exposition in relation to sensor, orbit direction) are displayed similarly brightly which makes the differentiation of these surfaces more difficult. Furthermore, in mussel beds, internal structures are less recognizable. However, when surrounded by smooth surfaces, e.g., smooth water cover, these scatterers stand out sharply. Any roughness of the water surface, on the other hand, is also highlighted and eddies and currents can clearly be seen when biofilms or other surface-active agents are present. As backscatter values of the flooded areas can be quite high, they often exceed those of smooth intertidal surfaces.
With incidence angles of 30-40 • (rel. orbits 40, 63), the water surface becomes more uniform and scatters less, the images are less sharp in contrast and more differentiated in the backscatter values. Mussel beds and other structures with high backscatter are better distinguished from each other and from rougher surroundings.
Increasing incidence angles of 40-47 • (rel. orbits 116, 154), amplify further differentiation of backscatter intensities. Mussel beds, for example, stand out more clearly from their surroundings, from other rougher surfaces, or from steep edges with high backscatter, which is also due to the fact that the internal structures are better recognizable. Fine linear structures of the sediment surfaces are clearly visible.
All of this is reinforced with incidence angles above 50 • (rel. orbits 25, 78). Mussel beds are clearly recognizable. However, gradual transitions are now displayed very fluently and demarcations are therefore less obvious. Under good environmental conditions, i.e., with well drained flats, fine surface structures are clearly visible (e.g., linear structures).
In summary, for most intertidal surface types acquisitions at incidence angles between 30-47 • therefore are most suitable. For specific questions smaller or higher incidences can be useful.
Environmental Influences-Water Cover
An essential aspect in the interpretation of SAR images from tidal areas is the varying presence of water. Apart from the tidal cycle, the water regime is influenced by external conditions affecting tidal water level and, to a lesser extent, also residual water remaining on the flats. Therefore, knowledge of weather and environmental conditions at the time of recording or in the time before may be essential for image analysis. Time of exposure, wind speed and direction, as well as spring/neap tides affect the water coverage in the area but they may also influence the roughness of water and sediment surfaces or sediment moisture. Hence, the same area may appear partly different in SAR acquisitions taken at different times. In general, the flats are better drained after low tide compared to the time of falling tide, even at the same gauge level. Such effects should be taken into account as well as knowledge about general processes and phenomena occurring in tidal areas.
As an example, the appearance of tidal channels, creeks, and gullies reproduced in SAR images is heavily dependent on water level as soon as the water reaches the tideway's edges or goes beyond. Therefore, changes in water level due to weather conditions or even wind-drift may have an effect especially on the gently rising slip-off slopes in contrast to the steep edges of the eroding banks, whose positions will not be markedly affected even for larger variations of the water levels. Thus, to observe and compare the courses of channels and gullies, they should on the one hand be imaged close to maximum drained stage, and on the other hand the steep eroding banks should be used as markers. The same applies when determining migration rates for bedforms in the upper island flats, whose slopes have been found to be slightly asymmetrical [19] . Conversely, in the case of multi-temporal acquisitions, the magnitude of changes in the water level lines would indicate the slope inclination.
On the whole, the SAR data used in this study not only image the channel network and drainage system in tidal areas but they also provide a valuable source of insight into surface morphology of tidal flats mapped due to accumulation of residual water on the exposed flats. Such are the distribution of depressed areas indicated by frequent water coverage or troughs marking bedforms of the sediment surface.
Visual Analysis and Classification
Overall, the visual approach proved generic enough to provide an overview of most elements structuring the main research area at Norderney by taking into account not only statistical parameters such as backscatter intensity and contrast, but also shapes, sizes, patterns, and textures of surface features reflected by the SAR data, as well as their spatial distribution and surroundings. Especially patterns, texture, and context information proved to have a great significance for the image interpretation. The importance of contextual information-site and time specific-in SAR image interpretation is also emphasized by Ref. [34] who studied the effects of environmental factors and natural processes on radar backscattering in the Korean tidal areas.
Although successful application of TerraSAR-X images is shown, the results also indicate problem zones and variations with the risk of misinterpretation. Areas with no clearly distinctive features or with broad transition zones between habitats may demonstrate the limits of exact demarcation. Mussel beds can exemplify both clearly identifiable areas and problem zones, which will be discussed in the following.
Mussel beds are particularly well recognized by their specific internal structures of beds and interspaces, which also allow a certain understanding of their maturity and compactness. Still, due to variability in the appearance of habitats and structures, misinterpretation can occur, e.g., with shell detritus. Mostly, fields of shell detritus are easy to distinguish from mussel beds, because they lack the characteristic internal structures. However, for young mussel beds or very densely covered areas of mussel beds, internal structures may be similar. In these cases, supplementary in situ data is necessary for correct interpretation of the SAR data. Likewise, steeply sloping edges of high sand flats exposed to the sensor could be mistaken for dense beds of mussels or shell detritus, although these are often recognizable from their location, or from comparison with acquisitions of a different recording geometry. In case of doubt, the structure should be clarified on site. Surfaces that have been identified and verified can then be tracked over time in the SAR data with little effort. Or they can also be identified in other places with this acquired knowledge.
The sole visual analysis of the TerraSAR-X images may also reach its limits when it comes to determining the exact demarcation of surfaces which directly merge into each other with flowing transitions e.g., where mussel beds are directly surrounded by humpy mud flats or fields of shell detritus that extend far beyond the mussel bed and represent their own habitats. In such cases, again, field observations are needed. Preferably, additional distinguishing characteristics are to be found to design a specific classification method, for example, by exploiting the polarized information of the SAR data. Various authors have shown the additional potential of multi-polarization SAR imagery for the detection of bivalve beds, using fully polarimetric e.g., [35, 36] or dual-copolarized SAR data [37, 38] .
Wang et al. [22] discriminated bivalve beds from the surrounding bare sediments through polarimetric decomposition based on dual-copolarized SAR data. Further research is needed to investigate to what extent polarimetric information can be used for the detection of other surface types in the tidal area. Geng et al. [21] identified different surface cover types (i.e., seawater, mud flats, and aquaculture algae farms) through polarimetric decomposition, and Ref [39] , and recently Ref [23] pointed to the potential of fully polarimetric interpretation of SAR imagery for classification purposes in tidal areas.
Gade et al. [23] found evidence of mapping characteristics of seagrass beds in SAR data from the Schleswig-Holstein Wadden Sea, whereas in the present study, no general detection of seagrass is proven. In some cases, areas of which seagrass vegetation is known from the field surveys, were characterized by diffusely elevated backscatter values, which may be due to elevated structures of the sediment surface induced by the seagrass cover. Comparative areas vegetated by seagrass, however, could be completely inconspicuous in the SAR data. However, the seagrass stocks in the Lower Saxony Wadden Sea are smaller and of significantly lower density than those in the Schleswig-Holstein Wadden Sea. For these reasons, recognition of seagrass was not pursued in this study. Still, seagrass is a parameter required for Wadden Sea monitoring. For test areas in the Schleswig-Holstein Wadden Sea, Ref. [11] showed that seagrass meadows can be classified based on optical satellite data with a high degree of detail. At present, electro-optical sensors seem to be essential for the detection of seagrass-respectively of vegetated areas-but merging with SAR data could also include surface roughness information. If it is proven that seagrass meadows produce characteristic surface structures reflected by the radar return, this could facilitate their differentiation from green algae or diatoms.
Sediment distribution on tidal flats is another information that would be important for monitoring, but could not be directly obtained from the SAR data by visual interpretation. In some cases indirect detection methods are conceivable, e.g., for mud fields, which are characterized by a humpy surface with puddles and dense gully structures. Also channel network features i.e., the meandering patterns, density and complexity of creeks and gullies and their branches provide, among others, information about the surrounding sediment. The authors of Refs. [40, 41] , who extracted the geometric information of tidal channels from aerial photography as well as Ref. [42] , using electro-optical satellite data (KOMPSAT-2), found lower tidal channel density in areas of higher sand percentage, while complex and dendritic channel patterns were found in mud flat areas. Regarding movement of sediment, Ref. [43] applied the waterline technique to satellite SAR to form a Digital Elevation Model (DEM) of the intertidal zone of Morecambe Bay, U.K. for measurement of long-term morphological change in tidal flat areas. Automated waterline extraction from SAR imagery is used by Ref. [44] for determination of changes in coastal outlines.
The present study shows that visual interpretation of SAR imagery has its own value in support of monitoring and questions of ecological or morphological research in tidal areas. It provides technically unsophisticated access to remote sensing information about characteristic surface structures which can be used by nature protection managers or researches of various disciplines. As a first analysis approach, visual interpretation can also indicate the potential of the satellite SAR data for further investigation and thus may provide pointers for the development of automatable classification methods with regard to monitoring requirements. Currently, Sentinel-1 is providing an increasing base of SAR data available with open and free access which can be screened for monitoring and research for the Wadden Sea.
Contribution of Satellite SAR for Future Monitoring of Tidal Flats
The regular recording of position, area, and status of characteristic spatial structures in defined time intervals is an indispensable condition for monitoring tidal flat areas such as the Wadden Sea. Monitoring this area has to integrate differing requirements which cannot be provided by a single sensor system. Therefore, a spatially and temporally differentiated monitoring concept combining the benefits of different sensor classes has to be developed. This study has shown that particularly habitats and geomorphic structures characterized by their surface roughness combined with specific textures and patterns are clearly recognizable in TerraSAR-X acquisitions. Other surface structures are virtually marked by residual water, which is an outstanding advantage of this sensor technology. Because of the high temporal availability, SAR data are also predestined to cover periods between sumptuous in situ campaigns, expensive recordings such as lidar scans, or electro-optical acquisitions dependent on daylight and weather. Thus, continuity in the tracking of dynamic structures can be ensured or new events can be discovered in a timely manner by the SAR sensors.
Another approach to meet the monitoring requirements is to directly fuse data from different sensor systems to leverage their respective benefits concerning areal coverage, spatial and temporal resolution, sensitivity, and geometric accuracy while also taking into account financial aspects. In this regard, the advances in satellite technology and the open data policy for imagery from an increasing number of sensors, such as recently the sentinel satellites from the ESA Copernicus program, has already promoted the development of image classification methods. Against the background of the different sensor properties, the combination of different SAR sensors as well as SAR and optical sensors has been examined to refine the differentiation between scatterers or to obtain high-resolution multispectral images e.g., [45] [46] [47] [48] . For tidal areas, e.g., Ref. [49] used information from both space-borne microwave (SAR) and optical/shortwave infrared remote sensing to determine sediment grain-size of tidal flats in the Westerschelde, and Ref. [50] investigated the use of multi-frequency SAR data for sediment classification and for the detection of bivalve beds. Results from the DeMarine projects [10, 11, 14] and the WIMO project [15, 17, 20] have also shown that a combination of high spatial resolution SAR data and specific spectral resolution (specific wavelengths) benefits the classification of intertidal habitats. New algorithms and procedures in the area of neural network deep learning [51, 52] may also bring advances in information extraction from satellite data.
So, to develop operational methods that harness satellite-based remote sensing data for Wadden Sea monitoring and meet the requirements of monitoring obligations from national and international legislation, the advantages of various sensor classes and methods of information extraction will have to be combined. Regarding the exponential growth of technology and methods of information extraction, interdisciplinary research as well as collaboration of nature protection managers with experts in electro-optical and SAR remote sensing will be absolutely beneficial.
Conclusions
• High-resolution SAR data as recorded by TerraSAR-X enables identification of essential geomorphic surface structures and habitats of the Wadden Sea ecosystem and their dynamics.
•
Independence of SAR sensors from daylight and weather and a high repetition rate (11 days for TerraSAR-X) offer high temporal availability of data and allow to record long-term developments, short-term (e.g., seasonal) developments, and also event effects (e.g., storms, human intervention).
• Even in the spotlight modes providing highest spatial resolution, the footprint of one acquisition covers about the area of a tidal basin. This allows one to determine the status, size, and distribution of the intertidal macrostructures and habitats of a whole sub-unit of the Wadden Sea ecosystem.
Visual interpretation of TerraSAR-X data combined with context information such as ground truth, monitoring results, or data on environmental conditions, both integrated in a GIS, proved to be a technically unsophisticated access to the information contained in the SAR data. As a first analysis approach, it can also provide basics for the further development of automatable classification methods.
• High-resolution SAR sensors can contribute relevant data for remote sensing the Wadden Sea. For future Wadden Sea monitoring or long-term ecological research, the combination or fusion of appropriate sensor data (e.g., SAR, multi-spectral data) is promising to significantly expand the interpretation options of advanced satellite-borne remote sensing techniques and to develop automated classification methods.
In this study, the integration of diverse spatial data (such as large-scale remote sensing data and local sampling data) in a GIS has emerged as an essential component assisting the visual analysis.
Beyond that, in a broader context, GIS allow to merge classification results and thus to compose a multifarious overall picture (respectively data base) of the Wadden Sea ecosystem which can support the inter-disciplinary analysis of complex relationships and processes.
The overview of the geomorphic and biogenic structural elements and habitats of the Wadden Sea ecosystem, their spatial arrangement and dynamics, seen from the perspective of satellite remote sensing using both optical and SAR sensors should be used to contribute to a holistic approach to monitor and further explore the eco-morphological evolution of the tidal system of the Wadden Sea and related tidal systems worldwide.
